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ABSTRACT

High time resolution measurements of Earth rotation and atmospheric angular momentum (AAM) and their interpretation

have been proposed as a major research thrust for the 1990s. An extensive campaign, SEARCH'92, is now under way to

obtain these measurements utilizing all space geodetic techniques and to collect the best available complementary

geophysical, oceanographic and atmospheric data. This paper discusses its motivation and scientific benefits and reviews

international cooperation in several measurement campaigns with particular emphasis on SEARCH'92. Recent analysis

results are highlighted.

1. INTRODUCTION

High time resolution measurements of Earth rotation and atmospheric angular momentum (AAM) and their interpretation

have been proposed as major research areas for the 1990s, both by the workshop held at Erice in 1988 on the

"Interdisciplinary Role of Space Geodesy" and by the NASA Workshop on Geodynamics and Geology held in July 1989, to

plan NASA Solid Earth Science Programs for the coming decade. The importance of the determination of rapid Earth rotation

and its implication for geodynamics was recognized by the International Union of Geodesy and Geophysics (IUGG) in Vienna

(August 1991) through a union resolution; as a result, a major campaign, SEARCH'92 _tudy of Earth-Atmosphere Rapid

CHanges), for high time resolution (sub-daily) measurements of Earth rotation by all of the space geodetic techniques, is

being coordinated by the International Earth Rotation Service (1ERS) and is being held in conjunction with the IGS Campaign

(June 2 l-Scptcmber 22, 1992). A special intensive period (Epoch'92) extended from July 25 through August 8, 1992.

This paper highlights progress and planning for high time resolution measurements of Earth rotation. The second section

discusses the motivation and scientific benefits from these measurements, while the third section reviews international

cooperation in several measurement campaigns with particular emphasis on the current SEARCH'92 campaign. Section 4

highlights recent advances in analysis and interpretation, while the final section presents a summary.

A recent paper, Dickey/1/reviews atmospheric excitation of the Earth's rotation and provides a more detailed account of

recent developments. The reader is referred to several more detailed accounts of the excitation of Earth orientation changes;

references to early work can be found in the classical monograph on the subject by Munk et al./2/and to more recent work in

various monographs and other publications/3/.

2. MOTIVATION AND SCIENTIFIC BENEFITS

The scientific benefits to be obtained from these campaigns include increased understanding of the properties and origin of

short-period fluctuations in the Earth's orientation, improvements to the tidal models at sub-monthly periods, and improved

ability to predict changes in the Earth's rotation up to a month in advance. A major goal is to observe and understand the

interactions of the atmosphere and ocean with the rotational dynamics of the Earth, and their contributions to the excitation of

Earth rotation variations over time scales of hours to months (see Fig. 1). At these frequencies, a number of geophysical

processes are thought to be capable of affecting the Earth's rotation, including atmospheric wind and pressure changes,

oceanic current and sea level changes, oceanic and solid Earth tidal motions, and seismic motions. High-frequency

measurements, and complementary analyses, can be expected to lead to delineation of short-period tidal, atmospheric,

oceanic, and seismic effccts on length-of-day (LOD) and polar motion. Thcse in turn will improve our understanding of
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Fig. I. Schematic illustration of the forces that perturb Earth rotation. After/2 I/.

broad-band wobble excitation processes, fluid-core resonance characteristics, and mechanisms of oceanic/atmospheric

coupling to the solid Earth.

In particular, the Earth's angular momentum budget (both axial and non-axial) can be examined at high frequencies. The

elucidation of the relation between LOD and AAM at high frequencies is central to our understanding of the Earth's angular

momentum budget and is currently an area of active research/4-6/. Fig. 2 illustrates the striking similarities between these

two series. Significant coherence is found between the LOD and AAM at periods down to 8 days, with lack of coherence at

shorter periods caused by the declining signal-to-measurement noise ratios of both data types/6/. Higher accuracy and more

frequent data are needed to resolve the exchange of angular momentum between the Earth and the atmosphere at shorter

periods. Although no significant lags or leads at the few day level have been established (indicating little or no non-tidal

oceanic contribution), the oceans, via barotropic waves, could contribute on short time scales (a few days or less) to the

Earth's angular momentum budget/7/. Hence, a comparison of AAM and LOD at these high frequencies could uncover the

ocean's role and further elucidate our understanding of the dynamic interaction between the solid Earth and the atmosphere,

allowing the role of the atmosphere and oceans in Earth orientation variations at high frequencies to be quantified. The
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Fig. 2. Time series of the sum of the seasonal and intraseasonal LOD components, with the upper curve measured by space

geodetic techniques and the lower curve inferred from routine daily determinations of changes in the axial component of the

a_mospberic angular momentum made by the U. S. National Meteorological Center. Periods greater than one year in both

series have been filtered out.
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appropriatenessoftheinvertedbarometerapproximation for the ocean's response to atmospheric pressure forcing at high

frequencies could be investigated, and the respective roles of the mountains and wind stress torque in transferring angular

momentum between the solid Earth and atmosphere examined.

3. MEASUREMENT CAMPAIGNS

Thus far, three major campaigns have been coordinated, allowing high temporal resolution measurements of Earth rotation

over extended time periods. The NASA Crustal Dynamics Project VLBI (Very Long Baseline Interferometry) Group at

Goddard Space Flight Center conducted the first Extended Research and Development Experiment (ERDE) in October, 1989,

designed to obtain high time resolution measurements of the Earth's orientation by the VLBI technique and to test

improvements in the VLB! measurement system /8/; these special sessions resulted in nearly continuous sub-hourly

measurements over the 17-day period and served as a prototype for future efforts.

The GIG'91 Measurement Campaign (.QPS IERS and Geodynamical Experiment), coordinated by the International Earth

Rotation Service, was held between January 22 and February 13, 1991 with one of its prime objectives being the evaluation of

the ability of GPS to recover Earth rotation parameters. The analysis of these data provided high quality daily measurements

of polar motion/9-10/as well as sub-dally measurements of Earth rotation variations/1 !/.

The on-going SEARCH campaign involves all space geodetic techniques with the best available complementary geophysical,

atmospheric and oceanographic data being collected. Coordination is being effected by the International Earth Rotation

Service (IERS). A joint International Association of Geodesy/International Astronomical Union (IAG/IAU) Special Study

Group, Rapid Ear_a Orientation Variations, has been formed to (1) interface with the IERS in the determination of rapid

variations in Earth rotation by the space geodetic techniques; (2) advocate for the best possible auxiliary data from

geophysical, atmospheric and oceanographic sources; (3) encourage improvements in measurement techniques (including

geodetic, atmospheric, oceanographic and geophysical); and (4) encourage cooperative multidisciplinary studies.

During the SEARCH and EPOCH'92 campaigns, geodetic Earth rotation and polar motion measurements are expected from

the GPS, VLBI, SLR and LLR techniques; complementary geophysical data sets are also being archived.

24a 3o0 o

Intsrnstlonal GPS and Geodynamlca Service
Operational Network as of August 1992

Fig. 3a. GPS Observing Network
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Global Positioning System (GPS)

Recognizing the increasing use of the Global Positioning System (GPS) for geodesy and geophysics and that this system will

play a major role in global and regional studies of the Earth, the IUGG in Vienna (August, 1991) recommended through a

union resolution that the development of an lntemational GPS Geodynamic Service (IGS) be explored. At its May 1, 1992

meeting the Directing Board of IERS officially adopted GPS as a contributing technique for the terrestrial reference frame and

Earth rotation determination. As a test of the IGS concept, the IGS Oversight Committee organized a campaign for the period

June 21-September 22, 1992 with a special intensive period (EPOCH'92) extending from July 25 through August 8, 1992.

GPS results are expected throughout the entire three month campaign.

The observing GPS network is displayed in Fig. 3a; it consists of an operational core network of about 30 receivers with up to

an additional 80 GPS stations participating during the EPOCH'92 period. Standard GPS ephemerides and polar motion are

being generated by 6 analysis centers (Table 1) within 2 weeks of receipt of data. The analysis of these data are discussed in
the next section.

Satellite Laser Ranging

A world-wide network of-30 stations (Fig. 3b) is supporting tracking to LAGEOS and ETALON satellites. Currently,

3-day average polar motion is being produced operationally with an accuracy of 0.3_.4 mas (- 1 cm). With further analyses,

pole position results with an accuracy at the --0.5 mas level are expected, with resolution of some components at the sub-daily
level.

Lunar Laser Ranging (LLR)

The LLR technique plans to contribute to tbe campaign by optimizing its ranging strategy for Earth rotation during this period.

It is hoped that CERGA, a dedicated lunar station, will be able to support sub-daily determinations.

VLBI

The VLBI measurement program consists both of routine operational programs (e.g., IRIS-A, NAVNET) as well as an

intensive observing plan during Epoch'92; the global VLBI Network for SEARCH is given in Fig. 3c. Collectively, IRIS-A

and NAVNET will operationally provide 3-component Earth rotation (UT1) and polar motion measurements on a twice-a-

week basis with 24-hour observing programs; daily intensive UTI measurements will be made utilizing the Westford and

TABLE 1 GPS Data Processing Centers

• CODE

Center for Orbit Determination -- Europe

Astronomical Institute of the University of Bcme (AIUB), Swi_erland

• ESA/ESOC

European Space Agency/European Space Operations Center

Darmstadt, Germany

• GFZ

Geoforschungszentrum

Potsdam, Germany
• JPL

Jet Propulsion Laboratory/Caltcch

Pasadena, California USA

• SIO

Scripps Oceanographic Institute/UCSD

La Jolla, California USA

• UTX/CSR

University of Texas at Austin, Center for Space Research

Austin, Texas USA
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Fig. 3b. SLR Observing Network

Wettzell stations. There was essentially continuous coverage on two simultaneous VLBI networks during the period July 27-

August 10, which will be useful in error analysis. During this time, coverage was provided by the NASA-sponsored Extended
R&D sessions, the scheduled POLARIS/IRIS and the augmented USNO NAVNET/NAVEX programs. The R&D

experiments utilized the strongest network possible and the most optimized observing schedules.

The accuracies expected for VLBI determinations of Earth orientation parameters (EOP) during the EPOCH-92 campaign are

functions of several factors including network geometry, observation rate, and the observing mode (which determines the

precision of individual observations). Estimated EOP accuracies are given in Table 2 for -one-day intervals/12/. EOP

accuracies at higher time resolutions should scale roughly with the inverse of the square root of the time interval. Thus, over

3-hour time intervals the EXT-R&D and NAVEX sessions are expected to yield results comparable in accuracy to the one-day

averages obtained from the operational networks (IRIS-A and NAVNET). Under the assumption of perfect site and source

positions, more optimal predictions of VLB1 performance can be obtained. For example, MacMillan and Ma /13/ estimated,

for a 24-hour period, one-sigma uncertainties of 3, 6, 9 lasec for the ERDE, IRIS and NAVNET networks respectively.

At this time, the operational VLBI data are available. However, the special intensive observations require special analysis and

will be available at a later date. Indications are that the specially planned VLB1 experiments were "95+%" successful.

TABLE 2 Estimates of the EOP Accuracies Obtained from the Various Observing Series for -4Dne-Day Intervals

X,YSIGMAS UTISIGMA

SERIES (microarcsec) (microsec)

IRIS-A 350-400 15-20

NAVNET 350-400 15-20

EXT-R&D -100 <10

NAVEX -100 <10

Intensives --- 100

JASR I3-]I-M
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I i i_ord 0

Grit. Ilia
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Fig. 3c, VLBI Observing Network

The primary complementary geophysical data sets to be acquired are series of atmospheric angular momentum and Earth-

atmosphere torques. There are four meteorological data centers contributing standard AAM products to the IERS Sub-Bureau

for Atmospheric Angular Momentum (see Table 3). The ECMWF, NMC and UKMO data are available now in near teal

time, while JMA data are typically sent in 3-month intervals upon request. AAM data are typically archived twice daily. As

part of this special campaign, 6-hourly AAM measurements are now available from the NMC and ECMWF analyses. The

other standard data types are outlined in Table 4, The meteorological centers maintained their standard operations during this

period. Calculations of Earth-atmosphere torques are now under way at the NMC and can be supplied to the geodetic

community for these campaigns. These torques involve the dynamic transfer of momentum between Earth and atmosphere by

means of pressure differences across mountains and also by friction at the Earth's surface.

TABLE3 Availability of Atmospheric Angular Momentum (AAM) Estimates

Starting Date of Series

Analysis Forecast

• European Centre for Medium-Range 1979" April 1987
Weather Forecasts fECMWF)

• Japan Meteorological Agency (JMA) 1983"*

National Meteorological Center (NMC -- USA) 1976"

• United Kingdom Meteorological Office(UKMO) 1983"

*Available in "real time"

**Data prepared by National Astronomical Observatory of Japan

November 1985

December 1986
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TABLE 4 Atmosphere Data Sets Archived at IERS Sub-Bureau for Atmospheric Angular Momentum

(11)191

Analysis Parameters Specification

AAM Equatorial Xr X2

AAM Axial X3

Zonal Mean Zonal Winds [u]

Zonal Mean Termperatures [T]

Mean Surface Pressure

Surface Pressure Coefficients

Hemispheric values for wind,

pressure & pressure + inverted

barometer (ib)

5°latitude intervals,

12 mandatory pressure levels

Global average

Triangular truncation to wave 4

zonals only to wave 20

Forecast Parameters Specification

AAM Equatorial Zt, X2 Global forecast values at 12-h

AAM Axial X3 intervals to 10 days for wind,
pressure, pressure + ib

4. HIGHLIGHTS OF ANALYSIS RESULTS

ERDE and GIG' 91

The ERDE Campaign (see previous section) provided nearly continuous sub-hourly VLBI determinations over a 17-day

period (see Fig. 4) during October 1989, while GPS measurements from the GIG'91 (held from January 22 through February

13, 1991) have been analyzed to produce high-quality daily measurements of polar motion (/9-10/-- see Fig. 5), as well as

sub-dally measurements of Earth rotation variations (/1 i/-- see Figs. 6 and 7). lntercomparison of GPS-detennined UTIR

and polar motion variations with those determined from independent techniques (VLBI and SLR) indicates that GPS estimates
are accurate to about -2 cm (0.04 msec) (/11/-- see Fig. 6) for UT1 and to -1 cm (0.4 mas) for polar motion I101-- see Fig.

5, which is consistent with the quoted uncertainties.
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Fig. 4. Earth orientation series obtained during the ERDE VLBI campaign, filtered to emphasize the high-frequency

component. The data are VLBI data results, while dotted lines indicate results from an empirically derived oceanic tidal

model/5/.
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Fig. 5, Estimates of pole position with GPS, VLBI, and SLR.

The polar motion series from these space geodetic techniques

agree within their formal errors (--0.4 mas). Al_r/10/.
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Fig. 6. Comparison ofGPS UTI estimates every 12 hours

(time series is reset on February 1 and February 6) with

dailyVLBI estimates. This filled square indicates GPS

results, while the open circle and triangle represent IRIS

Intensive and Kalman Earth orientation filter values, agree

_ctively. After/11/.

Diurnal and semi-diurnal rotational variations were postulated by Yoder eta/./14/, who proposed that such signatures should

arise from the interactions of the ocean tides with tic solid Earth, Estimates of these variations were made by Baader et al.

/15/for the M 2 tide and wen: refined by Brosch¢ et al./16/for the major diurnal and semi-diurnal tides. Herring and Dung/5/

used the approach of empirically fitting the major tidal components to sub-daily VLBI observations. Dickman /17/ developed

the "broad-band" Liouville equation approach and determined the effects of the dynamic ocean tides on Earth rotation.

Comparisons with the independent techniques of V-LBI and GPS confirm the reality of a strong diurnal and semi-diurnal

signature [--0.1 msec (5 cm) in amplitude -- see Fig. 7/11/]. The geodc_icaUy-determined UT1R variations place constraints

on oceanic tidal models -- se¢ Fig. 8/18/; results indicate excellent agreement with the models of Brosche et al./16/and

Herring and Dong/51. Predicted diurnal variations from the Dickman /17/ model show significant correlation with the

observational results, but an: too small in amplitude.

Daily polar motion values determined from observations acquired during thc GIG'91 measurement campaign permit an

unprecedented high time resolution investigation of the effect of the almosphere on rapid polar motion variations -- see Fig. 9

/19/. The wind and pressure terms are found to be of comparable importance in exciting the observed polar motions during

this period with somewhat better agreement seen with the application of the inverted barometer approximation. Correlations

as high as 0.88 are obtained between the observed polar motion and fl_ AAM-induced series, with AAM variations explaining

as much as 74% of the variance of the observed polar motion (Fig. 9). Thus, the atmosphere appears to be the dominant polar

motion excitation source during the GIG campaign 119/.
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Fig. 7. Comparison of GPS and VLBI sub-daily estimates

for UTI variations. After/l I/.
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Fig. 8. Sub-daily UTI Variations: (a) Comparison between GPS determinations and predictions from the Brosche et al./16/
oceanic tidal model; (b) comparison between GPS determinations and predictions from the Herring and Dong empirical tidal
model/5/, derived from a fit to VLBI data. In both figures, the dashed lines indicate the uncertainty associated with the GPS

determinations, after/18/.

Fig. 9. The x-component (top) and y-component (bottom) of the observed and Japanese Meteorological Agency (JMA)
AAM-induced polar motion series (both series have been high-pass-filtered using a cutoff period of 23 days). The crosses
with error bars represent the observed series (one data point is plotted without error bars indicating that it is the interpolated

point). The open circles represent the polar motion series induced by the JMA AAM z-functions formed by summing the
wind term with the pressure term computed under the rigid ocean approximation. The filled circles represent the polar motion

series induced by the JMA AAM Z-functions formed by summing the wind term with the pressure term computed under the

inverted barometer approximation, after/20/.

SEARCH Campaign

Since we are in the midst of the SEARCH Campaign, an evaluation of GPS results given here is limited to the operational

polar motion results only. The determination of Earth rotation (UT1-UTC) from GPS is now under development at several

centers and no doubt will be reported later in more detailed analyses.

Here, the JPL Kalman Earth Orientation Filtered (KEOF -- see Fig. 10) is utilized as the standard series for comparison; this

series optimally combines determinations from SLR and VLBI determinations to form a high-quality series in which the
issues of reference frames and the unevenness of data quality and quantity have been addressed/20/. The effects of the

various input data are seen in Fig. 10. Fig. 11 compares the GPS determined x- and y-components of polar motion between
themselves and the referenced KEOF series. Common structures are seen in both series; for example, a dip is observed in all

series near July 15 in the x-component and a long-term rise is seen in y after this day.

Table 5 lists the weighted rms scatter of the six GPS series against the KEOF reference as well as the scatter between the input
VLBI/SLR data and the resultant KEOF series. It should be stressed that there are no GPS data included in the filter. There is

considerable range in rms scatter, from 0.4 to 2.8 mas; this effect is also evident in Fig. 11. Three centers are producing series
with 1.0 mas or smaller scatter: CODE, JPL and S10. The analysis systems are evolving and being improved. For example,

JPL changed its fiducial and reference frame strategy in late July, resulting in reduced errors and a decreased rms scatter (0.36

mas in x and 0.56 mas in y). It is interesting to note that this is comparable to the scatter of input data that are actually used.
These initial results are indeed encouraging and confirm the ability of GPS to do high-quality polar motion determinations.
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sets. Offsets have been added arbitrarily for clarity of presentation/22/.
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TABLE 5 Weighted RMS of GPS with respect to KEOF (after removing weighted mean difference)
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GPS Series

CODE

ESA

GFZ

JPL

SIO

UTX

JPL (92 P 02)

PMX(mas) PMY (mas)

0.82

1.26

2.29

0.47

0.68

1.07
0.36

1.01

2.38

2.82

0.85

0.63

0.56

Weighted RMS of VLBI/SLR with respect to KEOF (after removing weighted mean difference)

IRIS multibaseline

NAVNET

CSR SLR

PMX(mas) PMY (mas)

0.55 1.63

0.44 0.57

0.44 0.36

5. CONCLUDING REMARKS

High time resolution measurement of Earth rotation is an area of intense activity, involving international and interdisciplinary

cooperation. The international campaign, SEARCH'92, is now under way to obtain high time resolution (sub-daily)

measurements of Earth orientation by all of the space geodetic techniques and to collect the best available complementary

geophysical, oceanographic and atmospheric data. This paper featured the motivation for these measurements and reviewed

the progress and planning of SEARCH'92. The earlier campaigns, ERDE and GIG'91, were also discussed; analysis results

from ERDE, GIG'91 and SEARCH'92 were highlighted. The initial "real-time" results from SEARCH'92 are indeed

encouraging; further analysis will provide new and unique insights into the properties and origin of short period fluctuations in

the Earth's orientation and into solid Ear_-atmosphere interactions.
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